Our society has witnessed major growth and innovation in technology. However 
INTRODUCTION
This work focuses on using the wealth of information available from computer-based design repositories and concept generation methodologies to facilitate IT-enabled innovation. Recent research has developed automated concept generation techniques in order to support the process of design innovation. This has led to the development of various design repositories in order to accommodate the large amount of information being generated for storage and retrieval of the concepts [1] [2] [3] . Traditionally, designers would sort through the generated concepts with minimal support from computational tools in the exploration of the concept space. Ideally, designers would benefit from IT-based approaches that assist in the identification of innovative concepts for more detailed evaluation. This work presents an approach that leverages computational resources to create a more efficient way of guiding a designer to a design that would satisfy an identified need in a novel way.
The exploration of a large number of automatically generated design concepts relies on information from multiple sources. Managing the integration of this information is cumbersome to the designer, and the natural limitations on a designers' ability to navigate through a very large set of concepts renders the process quite ineffective. This limitation creates a need for assisting designers in synthesizing a visualization of the available concepts using data from multiple sources (e.g., automated concept generation and design repositories). This would fill the void and mitigate the intimidating effect a large set of data might have on a designer. This paper is a first step in developing a methodology to assist designers as they explore design alternatives and select candidates of interest. The result of this research is a method for integrating information from multiple sources related to concept generation and a novel platform for visualizing and exploring computer generated concept variants.
In the following section, we review the related work that serves as a foundation for our development. In Section 3, we present the underlying architecture and inner connectivity of the various IT-based platforms. The architecture's interface is illustrated using an example in Section 4. In Section 5, we provide some general discussion, conclusion and future work regarding the approach. of products. The objective of developing design repositories is to support engineering design by creating, populating and retrieving design knowledge at various levels of abstraction, including form, architecture, and function. In 1999, researchers at various universities and the National Institute of Standards and Technology (NIST) began gathering artifact information for a national design repository [11] . Recently Oregon State University has partnered with the University of Texas [12, 13] , Penn State, Virginia Tech, University at Buffalo, Texas A&M University and Bucknell University [14] to expand the types of design information and design tools within the repository. Researchers at Drexel University have been performing research on the importance of roles and semantic structure of information contained in design repositories [15] . Design repositories offer significant potential in the support of designers in the concept generation phase of product development.
In parallel to the development of design repositories, concept generation based on computational reasoning has been developed using formal definitions for describing function or purpose in engineering design [16, 17] . The ability provide engineers with a large number of automatically generated design concepts offers a way to more broadly explore the space of possible design alternatives. One method has been inspired by the collection of empirical knowledge and relating components to functions which led to the development of relational matrices [12] and graph grammar rules [18] . Combined with a search mechanism, the matrices and rules can be used to automatically generate conceptual designs. This approach assumes that a designer has developed a functional model of the proposed design. The matrices and rules enable the automatic generation of design concepts using one or more components to achieve a required function. As a result of the open-endedness of conceptual design and the combinatorial nature of automatic concept generation, a very large number of solutions (i.e., more than a million) can be created through the generation process. Consequently, the volume of data can overwhelm a designer's ability to explore the various conceptual solutions effectively [19] .
In order to remedy the cumbersome searching procedure the Designer Preference Modeler (DPM) [20] was created. The DPM searches a large set of results to find concepts that could be most meaningful to a designer. By ranking selected concepts, the search mechanism learns what aspects of the concept the user prefers, and seeks solutions that maximize the predicted preference. Clustering techniques also provide a range of approaches to handle the solution information overload issue. Clustering is a general term for a set of exploratory data analysis techniques used to solve grouping or classification problems [21] . Typically heuristic in nature, clustering methods are most applicable when there is little information about the underlying structure of the data [22] . The objective of clustering analysis is to sort a set of data into groups such that each member of a cluster has a high degree of similarity with any other member of the cluster and a low degree of similarity with any non-member of the cluster. By clustering large numbers of candidate design solutions into groups, more effective representation methods, including visualization tools can be used to support concept evaluation and exploration.
Concept Exploration
Visualization is considered as an essential support tool for designers. From the designer's sketchpad to a fully immersive, simulation of a plant, visualization allows designers to be more intuitively engaged in the design process. From CAD systems, where designers can translate their ideas into production drawings, to the use of virtual reality which has provided designers the ability to actually see and experience their design before a single part is constructed [23] [24] [25] [26] . Visualization has had a significant impact on the design process, resulting in savings by eliminating redesign and improving the fit and performance of parts [27] .
Furthermore, visualization has been extended into the realm of concept exploration. Approaches like Graph Morphing [28] , Cloud Visualization [29] , Physical Programming Visualization [30] , and Multidimensional Visualization [31] provide more functional information to the designer during the early stages of the design process in the form of design attribute or optimization information. Some additional help in concept selection has been incorporated using a "design by shopping" [32] perspective. The Advanced Trade Space Visualizer (ATSV) system [33] guides designers to a solution in an efficient manner. Unfortunately, this method may lead to erroneous results if the designer is not aware of his preferences. These techniques are often used for solution validation and selection rather than efficient exploration tools, especially for large problems. The inability to visualize the actual form or functional structure of a design concept limits the designer's ability to fully explore the space of available design concepts.
With the globalization of the economy, a need for better integration of the large amount of data available to designers around the world has emerged. Advances in information technology have driven the development of visualization for product designs [34] . Industry uses them for collaboration between different components using solid modeling [35, 36] . While these prove useful in identifying production and assembly issues, the collaborative platforms focus on geometry, rather than functionality, thus not providing any concept exploration capabilities.
To address the above mentioned issues, we present our ITbased platform to support concept exploration in the following section. The approach synthesizes information, including clustering, connectivity, and functional behavior into a visual format using a combination of web scripting languages (e.g., PHP [37] ) a common schema and databases.
UNDERLYING ARCHITECTURE
The developed approach interconnects existing IT-based resources such as functional modeling interfaces, design repositories and concept generators into a newly developed exploration interface to support the designer's ability to efficiently explore the available concepts. Figure 1 presents its main components of the method. As previously discussed, design repositories [11] archive and make available information on how components fulfill functional requirements in existing products. Concept generation techniques [12, 13] can leverage this information to automatically create large numbers of potential designs that meet a given functional model. Clustering approaches [21, 22] provide a means of grouping similar items together in a way to reduce cognitive load on a designer. The framework developed in this work focuses on the development of the necessary interconnecting cyberinfrastructure and interfaces to help designers to navigate large sets of computationally generated designs. Rather than develop an approach that is tied to a specific implementation of computer-based concept generation and archival tools, the architecture described in this section is flexible and can scale with increasing computational power.
The approach integrates data from multiple sources in an attempt to present a more intuitive representation of design alternatives. The process begins with a functional model for a proposed design. Using the functional model, a set of design alternatives are created by a concept generation engine. For each concept, details about each component are retrieved from a design repository. Rather than present a long list of alternatives, the set of concepts are also passed to a clustering routine in the interest of identifying similarities amongst the generated alternatives. [38, 39] . These activities result in a wealth of data that may be useful to a designer, without an intuitive means of exploring the space of design alternatives.
As shown in Figure 1 , the core of the framework is separated into two components, the Data Integration and Validation Module and the Web Server Interface. This separation of data from presentation was purposely implemented to allow for flexibility in the development of future clients (e.g., using a iPhone to connect to a web service interface). The approach also enables a scalable data processing approach, with the potential for implementation in a cloud-based computing environment if the number of candidates to be considered grows to be very large.
The web server interface provides a prototype platform for evaluating the work flow for exploring design alternatives and a flexible platform for initial efficacy trials. The actual representations and modes of interaction are explained in Section 4 and this section focuses on establishing the underlying architecture enabling the efficient representation of the generated concepts.
Methodologies developed to support the exploration of automatically generated design concepts face two primary challenges. First, any method must represent all the available information to the designer in an efficient and useful way. Second, the underlying architecture needs to be developed in a flexible and scalable manner to support efficient transfer of information between all the modules without losing any necessary information. One of the main issues that must be addressed is the development of a common taxonomy that will be used in order to pass the information between components of the framework concept generators and design repositories.
Developing a Common Schema
In Figure 1 , information flows between every component of the framework. Efficient functionality is thus based on an efficient information flow between the modules. In order to ensure proper information flow, a foundational naming taxonomy needs to be established. The methodology developed in this paper relies on the component naming taxonomy presented in [40] . This hierarchical naming system for engineering components supports the functional modeling approach used to describe the system of interest and by the concept generator to identify components.
The schema selected in this work is based on the Extensible Markup Language (XML) [41] and was originally developed to capture information from a given tool and pass it to another one for a representation of a function [42] . The advantage of using a consistent communication schema is that no external translation services are needed when different implementations of subcomponents are used, providing a flexible, federated infrastructure. The schema used in the presented work to capture the functional behavior of a given concept is based on Graph Synth [43] . An example is shown in Figure 2 . The schema for each concept is structured using nodes and arcs. Each node entry corresponds to a function present in the overall functional model. Arcs represent the connectivity between the functions and hold information about the type of connection present and its source and sink node. Another schema is presented in Figure  3 and is used to capture the concept clustering. Each cluster is identified by a unique id with and a binning approach is used to classify the candidates. This approach provides a flexible infrastructure that can accommodate different tools for each component (e.g., concept generation, clustering, and visualization). The development of a common schema also provides a consistent information flow between the automated concept generator, design repository and clustering analysis, reducing the likelihood of data loss due to translation between different data formats. Although the incorporation of a schema is crucial to managing the information flow, it is necessary to setup a module for integrating and validating data before it is presented to the designer.
Data Integration and Validation
The ability to integrate results from automated concept generators with information available in design repositories and other relevant projects would provide a synergetic impact on the designer's decision making. However, in order to accomplish that, a robust structure needs to be in place. The architecture developed in this work bridges available components and translates the data into a meaningful representation to the designer. The process is divided into two stages: data validation and data integration.
Data validation ensures that the framework operates on correct, clean and useful data. Each component (e.g., the concept generation engine, the clustering routines) was tested for compliance with the specified schema on a unit basis before being incorporated into the framework. This approach would also be used for incorporating any future component of the framework. The first stage of data validation is a comparison between data stream and the schema definition document. This comparison is performed by the SimpleXML parser available in the PHP web-scripting language [37] used in the framework. The second stage of validation ensures that the data contained within the XML stream is consistent with the lexicon developed by Kurtoglu et al. [40] . This step is completed using a set of PHP algorithms that compare data contained within the XML with tables stored in a MySQL database [44] . The third level of data validation is a check for completeness (i. e., Does each element in the functional model have an assigned component or components). A permissive approach is used, where any data validation problems are highlighted for presentation to the designer because complete designs may not be necessary to stimulate innovative design concepts. Another advantage of this approach is that it identifies opportunities for innovation in a product where no prior solution has been developed for a particular functional requirement.
Once the information is accepted, the data integration stage parses and integrates the data into a database that establishes the linkage between them. This bridging not only connects independent sources of information but allows data storage for rapid retrieval by multiple designers. An independent database has been setup in order to accommodate the information as well as ease the further use of data in order to generate meaningful representation to the designer.
Generation of Concept Exploration Interface
As shown in Figure 1 , the framework relies on a webserver approach in order to provide the designer with the ability to explore the concept space. The interface takes advantage of increasing computational and graphical resources to provide a better understanding of the topology of the generated solutions by enabling various visualization representations to be displayed to a designer. The designer is guided through a representation of the functional model, candidates are grouped together using the results of the clustering algorithms, and detailed representations of candidates of interest are made available to a designer. The underlying assumption is that designers can interact more intuitively with graphical, rather than textual, representations of design candidates. This can be seen as an analogy to browsing through music albums using the cover art on an iPod, rather than using only the textual description of the album. Instead of recalling to mind familiar albums, the representations are constructed to intuitively represent the topology and flow of material and energy through a product.
Creating the visual representations uses the integrated information from the automatically generated concepts and the digital design repository data to retrieve archetypal images of a component's type (e.g., an image of a flat gear is used to represent any gear). These images do not change frequently over time and are retrieved from the digital design repository and cached on the web server used for the visualization interface.
Transforming the graph theory description of a concept into a human readable representation is a non trivial task when the placement of nodes and routing of arcs is considered. A computer-based graph layout toolkit, GraphViz [45] , has been incorporated into the representation creation process. This layout tool is used to generate multiple representations of each concept, each using different cues for conveying semantic information for nodes and arcs. After retrieving the graph representation of the functional model or the conceptual model, a text-based input file is generated and GraphViz is executed using a system command in PHP. The result of the GraphViz code is an image that is subsequently cached on the server to speed future requests. Each graph can take two to three seconds to generate. With the potential for thousands or tens of thousands of design candidates, images are cached on the web server for rapid access. This approach will limit the impact of latency on the exploration of the concept space as discussed in [46] . A separate algorithm <cluster clusterid="4" parentclusterid="2"> <member>candidate001.xml</member> <member>candidate006.xml</member> <member>candidate011.xml</member> </cluster> <cluster clusterid="5" parentclusterid="2"> <member>candidate002.xml</member> <member>candidate007.xml</member> <member>candidate012.xml</member> </cluster> was developed to generate Design Structure Matrix (DSM) [47] representations of the concept's topology.
The next section illustrates the presented methodology using the newly developed web-based interface along with an existing concept generator and design repository for a given design problem.
IMPLEMENTATION AND EXAMPLE
The interface is implemented for a sample design problem demonstrating the capabilities of the approach by creating visual representations of a design candidate. The sample peanut sheller problem, described in Figure 4 , was used as part of an ongoing research investigation into the impact that information technology tools have on designer creativity in creating a novel design. The design problem starts with a functional model, a pools of automatically generated design alternatives, and the allocation of design concepts into clusters.
For the purposes of this paper, a web-enabled platform is used to present the results. The overall designer work process is presented using the flowchart in Figure 5 . The designer is guided in a manner that mimics the progression from conceptual to detailed design using the interface. The user first authenticates into the interface and then chooses a design problem of interest. The concept exploration interface shown in Figure 6 is divided into three distinct regions on the webpage:
• The left menu allowing the designer to make selections • The top tabs allowing the designer to change between different display formats when available, and • The main frame where information are displayed.
Before navigating a set of candidate designs, the user first selects a problem of interest in the interface, and a set of possible functional models are provided for review. Currently, a set of functional models are already populated, but ideally, the user would upload their own. In Figure 6 , the selection of 
Design Problem
In places like Haiti and certain West African countries, peanuts are a significant crop. Most peanut farmers shell their peanuts by hand, an inefficient and labor-intensive process. The goal of this project is to design and build a lowcost, easy to manufacture peanut shelling machine that will increase the productivity of the African peanut farmers. The target throughput is approximately 50 kg (110 lb) per hour.
Goals:
• Must remove the shell with minimal damage to the peanuts.
• Electrical outlets are not available as a power source.
• A large quantity of peanuts must be quickly shelled.
• Low cost • Easy to manufacture a functional model brings up the preliminary exploration tabs allowing the visualization of the proposed functional model. A graphical representation of the functional model is automatically generated using the DOT automatic graph layout program [45] and is shown with tabs allowing the user to change the presentation of the information between the default graph view and both textual (i.e., matrix of 0's and 1's) and graphical Design Structure Matrix (DSM) representations. The default view of the functional model is illustrated in Figure 7 . The automatically generated graph provides basic information about the functional model including the different functions between the input and output together with the different flows linking them together. Each graph starts with an input at the top and ends with an output at the bottom of the graph. The different flows are color and arrow coded in order to ease the differentiation between flow types. Function and flow names are also provided in order to identify them accordingly. The designer is also able to switch the representation to a different format. Figure 8 shows the remaining two formats available through the interface. The user has the ability to choose different representations, including a matrix-based Design Structure Matrix (DSM) (shown in Figure 8a ) or a graphical DSM illustration (shown in Figure 8b ). The graphical DSM representation provides additional help for the designer by quickly showing the connectivity's between the different functions.
Selecting a clustering scheme allows the interface to present the candidates grouped into different clusters to the designer. Two clustering approaches were used in evaluating the architecture. In the first, the number of concepts is reduced prior to clustering. In the second, the number of dimensions used to describe the concepts is reduced by identifying the principal components before clustering. The first option, discussed in detail in [38] uses a variant K-means clustering or Lloyd's algorithm as an iterative clustering algorithm. [21, 48] A second clustering option, discussed in detail in [39] uses Principal Component Analysis (PCA) to reduce the dimensionality of the problem prior to applying the clustering algorithm [49] .
After inspecting the functional model, the designer then proceeds to select a clustering scheme (e.g., k-means) in order to explore the automatically generated candidates that would satisfy the functional model. The example problem has seven clusters, each containing seven candidates, for a total of 49 generated candidates. The user is then presented with a set of design candidates that belong to the active cluster. For illustration purposes, a single candidate (i.e., candidate 6) is used to further demonstrate the concept exploration interface.
Once a candidate has been selected by the designer, the functions that model the design problem are replaced by different component configurations for each available candidate. The interface replaces the previous functional model graph from Figure 7 with an updated one where the functions and flows are replaced by components that would satisfy the function and flow combinations. A new set of tabs are available for the designer to choose from. Again, the default view is the functional graph with textual information.
The designer can now inspect the selected candidate's functional model (candidate 6) and quickly indentify which function (or set of functions) has been replaced by which component. Figure 9 presents the configuration flow graph for candidate 6 using textual descriptions of components. Functions from the original functional model in Figure 7 that have not been replaced by a component are highlighted using a different background color. Figure 10 shows how the representation can also be changed to replace the text nodes in the configuration flow graph with images of archetypal components. Textual and graphical DSM representations are also available for the selected candidate. The presented methodology that is translated into a highly organized database provides a novel way of linking various information sources into a powerful exploration tool that enables data integration in order to support the decision making process of a designer. The approach illustrated can be used with any other concept generators or design repositories to provide even more solutions to the designer to explore.
CONCLUSION
The proposed methodology is an initial step in order to provide a methodology for concept space exploration using IT components. By interconnecting various tools for the support of conceptual design, the architecture allows the designer to address their respective shortcomings in terms of usability and also presents a new way to explore the multitude of concepts in a novel way. By developing a web server interface, the various data from different IT-based tools are validated and integrated using a component naming taxonomy and a common schema. The information is linked and stored in a database that allows rapid access to the wealth of information that results from concept generators and design repositories. Furthermore, the current web-server interface allows the designer to use the exploration interface through a browser, handheld device or any device that supports web data.
The presented work illustrates a single concept generator linked to a design repository. The approach methodology is easily scalable to multiple concept generators linked with multiple design repositories and additional components like clustering methods in order to enable concept exploration. This is made possible by using flexible and extensible communication schemas. Designers are provided with multiple representations of product concepts using a computational tool for automated graph layout.
FUTURE WORK
As of now, the approach provides a foundational methodology for future research involving the various IT components. Future work will be focused in two parts: the technical aspect of the infrastructure and the theoretical ramifications that could emerge from this research. The technical aspect of future work will include developing various web-service approaches for the interface in order to allow more flexibility in accessing the information available. Designers could use those services to create trade space representations of the available design candidates. Validation could also be offloaded to external algorithms to check for redundant designs or dominated solutions, further refining the set of available solutions.
From a theoretical standpoint, the platform can be used as a foundation for concept exploration impact on the designer. The inclusion of various methodologies for current or future concept clustering like mixed-initiative reasoning [50] will be used to study the impact of information density on designers' ability to explore the concept space efficiently. In the evaluation of impact of IT tools on engineering creativity, the proposed approach in conjunction with some sort of innovation metric to reproduce innovative products available on the market, can be used as a validation tool
